To investigate functions of the homeodomain-containing transcription factor Nkx3.1 a null mutation was generated by targeted gene disruption introducing the bacterial LacZ gene as reporter into the locus. In addition to defects in duct morphogenesis of the prostate and bulbourethral gland displaying progressive epithelial hyperplasia and reduced ductal branching (Bhatia-Gaur, R., Donjacour, A.A., Sciavolino, P.J., Kim, M., Desai, N., Young, P., Norton, C.R., Gridley, T., Cardiff, R.D., Cunha, G.R., Abate-Shen, C., Shen, M.M., 1999. Genes Dev. 13, 966±977), we observed a novel phenotype in minor salivary glands of Nkx3.1 null mutants. Minor salivary glands in the oral cavity of mutant mice appeared reduced in size and exhibited severely altered duct morphology. Other Nkx3.1 expressing regions were unaffected by the mutation. The activity of the Nkx3.1/LacZ allele faithfully re¯ected the known expression domains of Nkx3.1 in sclerotome, a subset of blood vessels, Rathke's pouch, and ductal epithelium in prostate and minor salivary glands during pre-and postnatal mouse development. However, it was additionally expressed in the heart, duodenum and lung. These ectopic expression domains resemble the pattern of the Nkx2.6 gene which is closely linked to Nkx3.1 in the mouse genome and its regulation may therefore be affected by the mutation. In Nkx3.1/ Shh compound mutant mice we found that Nkx3.1 expression in sclerotome and prostate was strictly dependent on sonic hedgehog (Shh) signaling, while other expression domains including heart and gut were independent of Shh. Expression in lung appeared augmented in the absence of Shh. Our results suggest that Nkx3.1 plays a unique role in regulating proliferation of glandular epithelium and in the formation of ducts in prostate and minor salivary glands. q
Introduction
Numerous homeodomain-containing NKX transcription factors, homologues of Drosophila NK genes, have been identi®ed in vertebrates. Generally, they appear to be involved in tissue speci®cation and organ development (Harvey, 1996; Tanaka et al., 1998) . Essential roles during vertebrate development have been demonstrated for several members of the NKX2 subfamily by gene targeting in mice. For instance, mouse Nkx2.1 which is expressed in lung, thyroid gland, pituitary, and ventral forebrain structures is absolutely required for the formation of these tissues (Lazzaro et al., 1991; Kimura et al., 1996; Sussel et al., 1999) . Similarly, disruption of the Nkx2.2 gene which is expressed in ventral domains of the CNS and in the pancreas results in neuronal patterning defects (Briscoe et al., 1999) and diabetes (Sussel et al., 1998) .
Murine Nkx2.5, the homologue of the Drosophila gene tinman, is expressed during early and late heart development (Komuro and Izumo, 1993; Lints et al., 1993) and the gene knock-out results in a severe developmental cardiac defect with the heart arrested in the looping process (Lyons et al., 1995; Tanaka et al., 1999a) . Interestingly, loss of function approaches with dominant negative mutants of Nkx2.5 and Nkx2.3 in Xenopus lead to the complete absence of heart tissue resembling the tinman mutant phenotype in Drosophila (Fu et al., 1998; Grow and Krieg, 1998) . This and other observations suggested that several NKX genes may be expressed simultaneously in the heart of vertebrates and have redundant functions for heart morphogenesis. Indeed, Nkx2.3 and Nkx2.8 transcripts have been detected in chicken or Xenopus hearts (Evans et al., 1995; Buchberger et al., 1996; Brand et al., 1997; Reecy et al., 1997; Newman and Krieg, 1998) and Nkx2.6 in mouse heart Mechanisms of Development 95 (2000) 163±174 (Biben et al., 1998) . However, no NKX2 gene other than Nkx2.5 has yet been demonstrated to play a role in mouse cardiac development. In particular, the Nkx2.3 gene which is expressed in hearts of several vertebrate species is not active in mouse heart but transcripts are found predominantly in gut mesenchyme, branchial arches, and spleen (Pabst et al., 1997) . Targeted gene disruption of the Nkx2.3 gene causes developmental defects in small intestine and secondary lymphoid tissues, in particular spleenand mucosa-associated lymphatic organs (Pabst et al., 1999) . In these mutant mice the cell adhesion molecule MAdCAM-1 is missing, suggesting that it is one of very few known target genes for NKX transcription factors (Pabst et al., 2000) .
More recently, mouse mutants of the bagpipe gene, Bapx1, also referred to as Nkx3.2, have been generated. Bapx1 is expressed in splanchnic mesoderm and in the sclerotomal portion of the somites during embryonic mouse development . The gene is also expressed asymmetrically in lateral plate mesoderm of chick and mouse embryos where its expression is controlled by the left±right signaling pathway (Schneider et al., 1999) . Bapx1 (NKX3.2) mutants display asplenia and defects in the development of the axial skeleton and bone at the base of the chondrocranium (Lettice et al., 1999; Tribioli and Lufkin, 1999) . Mouse Nkx3.1, another possible homologue of the Drosophila gene bagpipe which speci®es visceral mesoderm in¯ies Fig. 1 . Targeted disruption of the Nkx3.1 locus. (A) The Nkx3.1 gene is comprised of two exons (gray boxes) with the homeodomain encoded in the second exon (black box) and a large 3 H non-coding region (light gray box). The targeting vector contains the LacZ gene including the poly-A addition signal fused in frame to the ®rst codon of the homeobox followed by the PGK-neo positive selection cassette. The PGK-thymidin kinase gene was added downstream of the 3 (Azpiazu and Frasch, 1993) , exhibits multiple expression domains in the mouse embryo, including somites, blood vessels, midgut, male urogenital tract, and pituitary gland anlagen (Bieberich et al., 1996; Sciavolino et al., 1997; Treier et al., 1998; Tanaka et al., 1999b) . Postnatally the gene continues to be expressed in the prostate and minor salivary glands. Defects of prostate development in Nkx3.1 de®cient mice have been reported (Bhatia-Gaur et al., 1999) . To further study the function of Nkx3.1 in the mouse we generated a mutant allele by homologous recombination introducing the bacterial LacZ gene under the control of Nkx3.1. Utilizing the LacZ reporter gene we show that some of the Nkx3.1 expression domains are dependent on Shh signaling. Furthermore, we demonstrate for the ®rst time that loss of Nkx3.1 function results in morphogenetic defects of duct formation in minor salivary glands, in addition and similar to the described alterations of prostate development. Epithelial proliferation in both organs appears enhanced in the absence of Nkx3.1, suggesting that this transcription factor controls growth homeostasis in these glandular tissues.
Results

Generation of Nkx3.1 mutant mice by homologous recombination
The Nkx3.1 gene was isolated from a 129Sv mouse genomic lambda phage library using a PCR-generated Nkx3.1 cDNA fragment as hybridization probe. The gene is comprised of two exons with the second exon encoding the homeobox domain. In order to generate a null mutation of the Nkx3.1 gene we constructed a replacement vector for homologous recombination in which most of exon 2 including the entire homeobox was deleted and replaced by the LacZ coding region and the PGK-neomycin selection cassette (Fig. 1) . This vector was electroporated into J1 ES cells and several independent cell lines carrying the targeted Nkx3.1 locus were obtained. Injection of these ES cells into mouse blastocysts yielded mouse chimeras which transmitted the targeted allele to their offspring. Cross-breeding of heterozygous Nkx3.1 mutants resulted in litters of viable pubs with normal Mendelian distribution of wild-type, heterozygous, and homozygous mutant mice as evident from genotyping on Southern blots (Fig. 1) . Homozygous mutants lacking any Nkx3.1 expression (data not shown) developed into adulthood with no apparent phenotypic abnormalities. Although homozygous mutants grew normally and were fertile, we observed inef®cient plug formation upon copulation of homozygous mutant males at an advanced age.
LacZ staining reveals the expression pattern of Nkx3.1 during embryonic development and in adult mice
Targeting of the bacterial LacZ reporter gene into the Nkx3.1 locus allowed us to follow the expression of the targeted locus throughout development and in adult mice. Heterozygous mouse embryos between 8.5 and 11.5 days post coitum (d.p.c.) showed strong b-galactosidase activity in somites paralleling the time pattern of somite formation in the rostro-caudal direction (Fig. 2A±C,E,K) . This Nkx3.1 expression was con®ned to the sclerotomal region of somites and disappeared at later stages of development (Fig. 2K,O,R) . In addition, strong Nkx3.1 gene activity was also observed in the second branchial arch (Fig. 2A±  C,O) , in Rathke's pouch (Fig. 2B,N,S) , duodenum (Fig.  2F,Q) , restricted surface epithelium of the tongue (Fig.  2H,H H ) and tooth anlagen in the upper jaw (Fig.  2G,G H ,T,U). In 14.5 d.p.c. embryos we also detected Nkx3.1 expression in lung alveoli and dorsal aorta (Fig.  2I ), kidney arteries (Fig. 2J) , and the heart out¯ow tract and surrounding pericard (Fig. 2D,M,P) . Nkx3.1 expression was further observed in minor salivary glands in the oral cavity (Fig. 2V ,W) and in the developing prostate (Fig. 2X) . Most of the expression domains of Nkx3.1 as judged from LacZ staining were consistent with previously described Nkx3.1 expression determined by in situ hybridization (Bieberich et al., 1996; Sciavolino et al., 1997; Treier et al., 1998; Tanaka et al., 1999b) . However, Nkx3.1 transcripts have never been detected in the heart, duodenum, or lung by in situ hybridization or by our own additional attempts with Northern blots and RT-PCR (data not shown). Interestingly, the novel expression domains in heart, duodenum and branchial arch coincide with the documented expression of Nkx2.6 (Biben et al., 1998) , another related NK gene that is located in close proximity to mouse chromosome 14 (Copeland et al., 1994 and unpublished observations) . Therefore, the observed LacZ expression may re¯ect the combined pattern of Nkx3.1 and Nkx2.6. Although we do not know the reason for the ectopic Nkx3.1/LacZ expression, it suggests some kind of interference of the mutated Nkx3.1 allele with regulatory elements possibly controlling expression of both genes from this locus.
Dependence of the Nkx3.1 expression domains on Shh signaling
The spatio-temporal expression pattern of Nkx3.1 in the mouse suggested to us that Shh may be a crucial signal involved in regulating Nkx3.1 gene expression. In order to test this hypothesis we generated Nkx3.1/Shh compound mutants carrying the LacZ mutant allele on the heterozygous or homozygous Shh mutant background and compared LacZ activity within the various expression domains. Homozygous Shh mutants were easily recognized by their retarded development and reversed embryo turning (Fig. 3) . Sclerotomal Nkx3.1 expression in 9.5 and 10.5 d.p.c. homozygous Shh mutant embryos was completely absent (Fig.  3A±D ), while the ectopic expression domains in the heart out¯ow tract, branchial arches ( LG, lingual glands; PL, platine gland; PR, prostate. expression was seen in the dorsal aorta of a 14.5 d.p.c. Shh de®cient embryo (Fig. 3J ). Complete loss of Nkx3.1 expression was observed in the urogenital sinus of a 17.5 d.p.c. homozygous Shh mutant (Fig. 3K,L) . The weak expression of Nkx3.1 in lung of wild-type mice was signi®cantly enhanced in the absence of Shh, although the lung was considerably smaller in the mutant (Fig. 3I) . Taken together these observations provide evidence that Shh is required for Nkx3.1 expression in somites and the urogenital sinus but not for the other expression domains, suggesting that distinct regulatory elements may control Nkx3.1 gene activity in various regions of the embryo.
Nkx3.1 mutants exert altered prostate morphology
Inspection of most organs that express Nkx3.1 did not reveal any gross defects in homozygous mouse mutants, consistent with their apparently normal development and viability. However, prostates from 3-month-old homozygous mutant males showed signi®cantly altered morphology and the bulbourethral gland (BUG) appeared considerably smaller. In order to demonstrate prostatic Nkx3.1 expression in more detail, prostates were dissected free from urether and bladder and stained for LacZ (Fig. 4) . The murine prostate gland consists of three lobes referred to as anterior, ventral, and dorsolateral prostate. The ductal structures of each lobe and the BUG expressed Nkx3.1 at this stage (Fig.  4B ,C) and during earlier prostate development (data not shown). In homozygous mutant animals all three prostatic lobes were present but the number of prostatic ducts appeared reduced in comparison to heterozygous and wild-type animals (Fig. 4D±L) . Moreover, individual ducts appeared enlarged, suggesting that the ductal complexity was reduced most likely by defective branching. Thus, Nkx3.1 may play a role in branching morphology of the prostate gland epithelium. To examine the histology in Nkx3.1 mutants sections of the BUG and prostate were stained with hematoxylin/eosin (H/E). As shown in Fig. 5 , the mutant BUG at 4 months of age contained predominantly ductal cells, whereas the gland from wild-type animals of the same age was primarily composed of mucin-producing cells (Fig. 5J,K) . Thus, loss of Nkx3.1 in BUG seems to affect cell differentiation and convert a primarily mucin-producing tissue into a ductal tissue. Moreover, the number of nuclei appeared increased in the mutant, suggesting hyperproliferation of epithelial cells. We also observed dysplastic alterations in the duct epithelium of the anterior and dorsolateral prostate of Nkx3.1 mutants (Fig. 5A±I) . In contrast to the columnar epithelium of wild-type mice, the epithelium in prostates of homozygous mutants was multi-layered and appeared hyperplastic at 2 months of age with increasing loss of luminal space at 10 months (Fig. 5C,F,I ). Interestingly, with advanced age the dysplastic appearance was also seen in the anterior prostate of heterozygous animals, suggesting haploinsuf®ciency of the Nkx3.1 gene (Fig. 5E ). Similar epithelial hyperplasia was also present in the dorsolateral prostate of homozygous mutants (Fig. 5I ) but was less severe in heterozygous mutants (Fig. 5H) . Hyperplasia was not observed in the ventral prostatic lobes. Although Nkx3.1 mutants very consistently displayed hyperplastic prostatic epithelium, we never observed prostate tumors in heterozygous or homozygous animals during the observation period of more than 1 year.
2.5. The Nkx3.1 mutation affects size and morphology of minor salivary glands
The mouse contains three sets of salivary glands in the oral cavity, referred to as glandula buccalis, glandula palatina, and glandula lingualis. These glands are usually embedded in the submucosa surrounded by connective tissue or located between muscle ®bers (Hand et al., 1999) . In contrast to major salivary glands, the minor glands The drastic size reduction of the BUG in homozygous Nkx3.1 mutant (left) as compared to heterozygous (middle) and wild-type (left) organs. Comparison of AP (D±F), VP (G±I), and DLP (J±L) prostatic lobes from wild-type, heterozygous, and homozygous mutant animals at 3 months of age reveals a moderate size reduction of AP and fewer but enlarged prostatic ducts in all three lobes. All specimens were stained for LacZ. Note the unspeci®c staining upon prolonged reaction time in wild-type AP and DLP.
are predominantly mucous in character and continuously secrete¯uid to protect the oral tissue. We frequently observed substantial food residues in the mouth of Nkx3.1 mutants which was never seen in wild-type animals. These food plugs appeared relatively dry suggesting that they were not lubricated normally and mucous salivary production in mutants may be impaired. In order to demonstrate Nkx3.1 expression in minor salivary glands the roof of the palate with or without the tongue attached was dissected and the specimens were stained for LacZ activity. As shown in Fig.   6 , all glands were strongly positive in heterozygous and homozygous animals but the glands appeared considerably smaller in homozygous mutants. Histological staining with H/E on sections revealed that the apical mucous end-pieces of all glands were smaller in homozygous as compared to heterozygous animals (Fig. 7) . In addition, the regular branched ductal system with wide diameter lumen in heterozygous and wild-type animals appeared irregular in shape and had a much narrower duct morphology. This phenotype seemed particularly pronounced in glandula palatina and Fig. 5 . Histological defects in prostate epithelium and bulbourethral gland of Nkx3.1 2/2 mutants. Sections of AP from 2-month-old (A±C) and 10-month-old (D±F) mice, DLP from 10-month-old mice (G±I) and BUG from 4-month-old mice (J,K) were stained with H/E. AP of wild-type is comprised of columnar epithelium around the wide prostatic ducts which are ®lled with eosinophilic secreted¯uid (A,D). AP ductal epithelium in heterozygous mutants is essentially indistinguishable from wild-type at 2 months of age (B) but shows moderate hyperplasia at 10 months (E). In homozygous mutants strongly hyperplastic epithelium is already present at 2 months (C) and continues to become markedly dysplastic forming a multi-layered epithelium with little secreted¯uid in the duct lumen at 10 months (F). Severe epithelial hyperplasia with cells almost ®lling the ductal lumen is also seen in DLP of 10-month-old Nkx3.1 2/2 mice (I), while mild hyperproliferation occurs in Nkx3.1 1/2 mice (H) when compared to wild-type (G). Wild-type BUG is composed of a majority of mucous-producing cells with few interspersed ductal cells (J), whereas in Nkx3.1
2/2 mutants BUG shows a dramatic reduction of these cells and contains primarily ductal cells (K). Also note the increase in nuclei in mutant BUG. glandula lingualis, in which the epithelium appeared markedly thicker, suggesting epithelial hyperproliferation (Fig.  7D,H) . We also observed that the cytoplasm of mucous cells, which normally is weakly stained by H/E, exhibited much stronger staining in the mutants (Fig. 7) . Although we have not yet examined secretory functions of the minor salivary glands in mutants, the observed histological alterations suggest that functions may also be altered and Nkx3.1 has a role in the correct formation of these organs. This role may in fact be similar to the one Nkx3.1 plays in the prostate.
Discussion
In order to investigate the role of the transcription factor Nkx3.1 during mouse development we generated a mutant allele by targeted gene disruption. Here, we report that from all Nkx3.1 expressing tissues only the minor salivary glands and prostate exhibit an apparent mutant phenotype. The lack of sclerotomal defects in the mutant was particularly surprising but may be explained by overlapping functions of the Bapx1 gene which is co-expressed with Nkx3.1 in somites . Consistent with this idea we found normal expression of Bapx1 in our Nkx3.1 mutants (data not shown). Interestingly, Bapx1 mutants have severe defects in distinct cranial bones and in the axial skeleton lacking the ventromedial portion of vertebral bodies and intervertebral discs (Lettice et al., 1999; Tribioli and Lufkin, 1999) , indicating the unique and important role of this gene in sclerotome development. Obviously Nkx3.1 is unable to substitute for Bapx1 in forming correct vertebrae or may be genetically acting downstream of Bapx1. Double mutants lacking both Bapx1 and Nkx3.1, however, may also reveal a function for Nkx3.1 in skeleton formation.
The prostate phenotype caused by our Nkx3.1 mutant allele is characterized by aberrant duct morphogenesis and progressive epithelial hyperplasia which essentially con®rms the observations by Bhatia-Gaur et al. (1999) . These authors discussed Nkx3.1 as a candidate tumor suppressor gene as it shows haploinsuf®ciency for the epithelial hyperplasia and dysplasia phenotype. Moreover, the human Nkx3.1 gene maps to the minimal region of chromosome 8p21 (He et al., 1997; Voeller et al., 1997) that undergoes loss of heterozygosity in 60±80% of prostate tumors (Bergerheim et al., 1991; Bova et al., 1993; Vocke et al., 1996) . However, there is presently no evidence for mutations of the Nkx3.1 gene in human prostate carcinomas (Voeller et al., 1997) . As our Nkx3.1 mutants failed to develop overt prostate cancer during the observation period of more than 1 year, the gene mutation is clearly not suf®-cient for tumor formation but may generate a preneoplastic condition in which subsequent genetic alterations promote tumorogenesis. While it seems clear that Nkx3.1 has a role in growth control of prostate epithelium, there is no evidence that it may affect cell differentiation as prostatic functions, at least in young males, appear not impaired. The bulbourethral gland in Nkx3.1 mutants exhibits an altered cell composition with loss of mucin-producing cells and far more ductal cells than in wild-type. Whether this is indeed the result of changes in cell differentiation or an imbalance in cell growth has yet to be determined.
Facilitated by the LacZ knock-in in our Nkx3.1 mutant we observed expression of the gene in minor salivary glands, a phenotype that has escaped detection by previous investigators. In fact, salivary glands were found to be normal in their Nkx3.1 mutant mice (Bhatia-Gaur et al., 1999) . Similar to the alterations of duct morphology in prostate, all minor salivary glands in the oral cavity exhibit morphological and histological abnormalities. Much smaller ducts with decreased internal lumens are particularly pronounced in the palatine and lingual glands. There is also evidence for epithelial hyperplasia, although not as severe as in the prostate. Little information is available on the molecular mechanisms of salivary gland development in mouse and Nkx3.1 constitutes one of the ®rst transcription factors identi®ed in this tissue. Likewise, immunocytochemical and biochemical data on proteins secreted from minor salivary glands have mainly been obtained from rat and humans and are rather scarce for mouse (Hand et al., Fig. 6 . Size reduction of minor salivary glands in Nkx3.1 2/2 mice. The palate (A) or palate and tongue (B) were dissected from the oral cavity of heterozygous and homozygous mutant mice and stained for LacZ activity. Dorsal view of the dissected palate reveals smaller palatine glands in Nkx3.1 2/2 as compared to Nkx3.1 2/1 mutants (red arrows in A). Similarly the glandula lingualis is reduced in size in the mutant (red arrowhead in B). The glandula buccalis is also drastically smaller in Nkx3.1 de®cient mice (C). 1999). The Nkx3.1 mutant mouse should therefore be an excellent model system to investigate development and function of this tissue.
Expression of the transcription factor Nkx3.1 during mouse development has been reported in the male reproductive tract, somites, smooth muscle cells of the dorsal aorta, arcuate and interlobular arteries of the kidney, distinct regions of the tongue epithelium, tooth buds, and Rathke's pouch. After birth Nkx3.1 transcripts were also found in palatine glands, prostate, olfactory epithelial cells, and several regions in the brain. No evidence was found for any Nkx3.1 expression in the female reproductive tract that might be correlated to the expression in the male urogenital sinus. Using the Nkx3.1/LacZ knock-in mice we could con®rm most of the known expression domains but also found additional expression in the heart, branchial arches, duodenum, and lung alveoli. Although higher sensitivity of LacZ staining as compared to in situ hybridization may account for the differences, we believe that expression of LacZ in these regions may be ectopic, as we failed to Fig. 7 . Altered histology of minor salivary glands in homozygous Nkx3.1 mutants. Dissected specimens shown in Fig. 6 were stained for LacZ in total and then sectioned. Sections through the glandula lingualis (A±D), glandula palatina (E±H), and glandula buccalis (I±L) from heterozygous and homozygous mutants were then stained by H/E. Note the limited penetrance of the LacZ staining reagents restricted to the mucous end-pieces of the glands. The ducts throughout the glands appear smaller in diameter in homozygous as compared to heterozygous mutants (red arrows) and the diameter of the ductal lumen is reduced by thicker epithelium (compare B and D, and F and H) . The gland cells in heterozygous mice show pale cytoplasmic H/E staining typical for mucous-producing cells (B,F,J), whereas the cytoplasm of gland cells in homozygous mutants is intensely stained by H/E (D,H,L). demonstrate Nkx3.1 transcripts there by RT-PCR (data not shown). In the heart the expression was con®ned to the out¯ow tract myocardium which is thought to arise from a distinct anterior heart ®eld (Markwald et al., 1999) . In this context the Nkx3.1/LacZ mice may provide a valuable marker to investigate the origin and fate of cell precursors for the out¯ow tract myocardium. Interestingly, the Nkx2.6 gene which is closely linked to the Nkx3.1 locus (Copeland et al., 1994 and our unpublished observations) is expressed in a similar pattern including heart, branchial arch, and gut (Biben et al., 1998) . Thus, the Nkx3.1/LacZ pattern appears to re¯ect the combined expression of Nkx2.6 and Nkx3.1. How can this occur? A formal explanation would be that introduction of additional sequences into the Nkx3.1 gene may interfere with a putative repressor element, thereby allowing ectopic expression under the in¯uence of an enhancer that normally regulates Nkx2.6 activity. Alternatively, and perhaps more likely, the mutation may result in posttranscriptional stabilization of the Nkx3.1 mRNA, as it effectively removes the 3 H untranslated sequence from the transcript. In fact, destabilizing elements have been discussed for 3 H UTRs Parker, 1994, 1995 ) and the Nkx3.1 mRNA may contain such elements (Sciavolino et al., 1997). Although we do not know the precise reason for the transgene expression in our mutant mice, the observation hints to complex mechanisms controlling Nkx3.1 expression.
It has been shown that Shh is expressed in the epithelium of the urogenital sinus and is required for normal ductal morphogenesis and terminal differentiation of the prostate (Podlasek et al., 1999) . We ®nd that Nkx3.1 expression in the urogenital sinus of 17.5 d.p.c. Shh mutant embryos is abolished, suggesting that Nkx3.1 may be one of the Shh targets in this tissue. Inactivating Shh antibodies, however, inhibit epithelial proliferation and ductal branching, a phenotype that is not consistent with the role of Nkx3.1 in prostate development as deduced from our mutant. Shh is also expressed in the ventral aspect of Rathke's pouch where it appears to be involved in patterning the pituitary gland and may prevent Nkx3.1 expression (Treier et al., 1998) . Unfortunately, because of the severe brain defects in Shh mutants, we were unable to look at Nkx3.1 transcripts in Rathke's pouch. It is well documented that Shh has a role in dorsoventral somite patterning and is required for sclerotome development (Fan and Tessier-Lavigne, 1994; Johnson et al., 1994) . In line with this we ®nd that Nkx3.1 is not expressed in somites of Shh de®cient mice, indicating that it is dependent on Shh signaling. This observation is in agreement with previous results demonstrating that Nkx3.1 expression in presomitic mesoderm and somites can be induced and maintained by Shh (Kos et al., 1998) . Interestingly, the ectopic expression domains that we hypothesize to re¯ect Nkx2.6 expression were unaffected by Shh, which would be consistent with previous ®ndings that Nkx2.6 is not controlled by Shh (Pabst et al., 2000) . In lung alveoli lack of Shh resulted in signi®cantly increased Nkx3.1/LacZ expression. Shh regulates branching morphogenesis in the mammalian lung without affecting the expression of Nkx2.1 (Pepicelli et al., 1998) that is speci®cally expressed in lung epithelium and needed for branching (Kimura et al., 1996) . Considering the role of Nkx3.1 for branching morphogenesis in prostate and minor salivary glands and its possible regulation by Shh, it is tempting to speculate that it may also be involved in lung morphogenesis, although this phenotype is not apparent in the mutant.
Experimental procedures
4.1. Construction of targeting vector and generation of Nkx3.1 mutant mice Overlapping lambda phage clones carrying the Nkx3.1 gene were isolated from a 129Sv mouse genomic library using a PCR generated cDNA fragment as hybridization probe. The 3 kb EcoRI/AccI downstream of the coding region was subcloned into pKS vector deleting the EcoRI site with Klenow polymerase. This fragment excised with Kpn/XbaI was then cloned into pPNT transfer vector (Tybulewicz et al., 1991) . A 4.5 kb SmaI upstream fragment of the Nkx3.1 gene was fused in frame with the LacZ gene (isolated from pTIATG vector) and the combined fragments were cloned into NotI/XhoI cut pPNT vector which already contained the downstream gene fragment. As described previously (Braun et al., 1992) , 150 mg of this vector linearized with NotI was electroporated into J1 ES cells. ES cells were grown on embryonic mouse ®broblasts as feeder and in the presence of LIF. To identify homologous recombination events EcoRI digested DNA from individual ES cell clones was hybridized on Southern blots with a 3
H¯a nking probe derived as an 800 bp AccI fragment. This probe detects 4.5 and 7 kb EcoRI fragments of the Nkx3.1 gene in wild-type and mutant cells, respectively. Two independent mouse strains were generated upon injection of one ES cell clone into C57Bl6 blastocysts. All homozygous mutant mice were obtained as F1 intercrosses on a mixed 129Sv/ C57Bl6 background.
Genotyping and sex determination of Nkx3.1/Shh double mutants
Heterozygous Shh mutant males were crossed with double heterozygous Nkx3.1/Shh females to obtain one Nkx3.1/LacZ copy on homozygous and heterozygous Shh mutants. Shh mutants were genotyped on EcoRI digested DNA with the neomycin probe. Male embryos were detected with PCR using SRY gene speci®c primers (Hogan et al., 1994) .
Histology and b -galactosidase staining
b-Galactosidase activity was determined on wholemount preparations as described previously (Gossler and Zachgo, 1993) . Brie¯y, embryos ®xed for 1 h in 0.2% glutaraldehyde dissolved in 100 mM potassium phosphate buffer (pH 7.4) containing 5 mM EGTA, 2 mM MgCl 2 , and 0.02% Nonidet P-40 were incubated at 378C with 0.5 mg/ml X-gal and 10 mM K 3 Fe(CN) 6 . Staining was terminated by washing the embryos several times in PBS. For histology embryos were frozen in Tissue Tek (Miles) and sectioned at 15±20 mm with the cryotome. LacZ stained tissues were dehydrated in isopropanol, cleared in Xylene, embedded in paraf®n and sectioned with the vibratome at 10±12 mm. H/E staining was performed according to standard procedures.
